Telomeres impart stability on linear eukaryotic chromosomes by acting as caps, preventing chromosomes from fusing together or being degraded. The structure of a telomere end binding protein in a complex with DNA provides the first molecular view of chromosome capping.
About sixty years ago, the work of Muller and McClintock [1] [2] [3] defined the essence of telomeres: to act as chromosome 'caps', distinguishing the normal ends of chromosomes from ends that are produced by chromosome breakage events. Over the years, research fortified these original observations, and a quest ensued to understand how telomeres perform this essential chromosome stability function. The pursuit of this quest has now taken a major step forward, with the solution of the crystal structure of a complex between telomere end binding protein (TEBP) and single-stranded DNA [4] .
One of the most notable consequences of improper capping is when the ends of two different chromosomes fuse to produce a dicentric chromosome, which is destined to the recurring tragedy of the 'breakage-fusion-bridge' cycle. Half the time, the two centromeres on the fused chromosome are pulled to opposite poles during mitosis, forming a chromosome 'bridge' between the poles; the forces of mitosis eventually break the bridge, and the newly fragmented ends become substrates for fusion, continuing the cycle. We now know that fusion events of this kind probably reflect non-homologous recombination of double-strand breaks [5] . While there are mechanistic details that distinguish various non-homologous end-joining reactions, essentially they are all ligation events -much like those required for cloning a DNA fragment into a plasmid. Homologous recombination is another activity that readily acts on double-strand breaks, but in contrast to end-joining, homologous recombination requires a 3′ single-stranded tail. The 3′ single-stranded end invades homologous sequences in the genome to initiate recombination.
There are numerous additional activities in the nucleus that also act on DNA ends. These activities include the processes of DNA transposition [6] , DNA replication [7] , DNA damage checkpoints [8] , telomerase-mediated telomeric DNA addition [9] , as well as individual enzymatic activities -such as DNA ligases, exonucleases and helicases, and poly(ADP-ribose) polymerase [10] that may act as free agents, without being part of a complex. Among these processes, telomerase is the primary activity that typically needs ready access to native ends of most chromosomes. Telomerase synthesizes telomeric DNA by adding telomeric repeats to the 3′ strand of the chromosome end [11] . So how does the telomere limit which of these activities gains access to its DNA end? Most likely it is a combination of the DNA structure at the end of the chromosome and the proteins that bind to telomeric DNA. Our view of the DNA at the very end of the chromosome is largely based on what has been learned from studies of ciliated protozoa, particularly Tetrahymena and Oxytricha [12] . In contrast to chromosomes from most eukaryotes, the macronuclei of ciliates contain fragmented genomes with small chromosomes that are amplified approximately 40-10,000 times. One extreme case of this is the macronucleus of Oxytricha. This amazing organism has about 10 7 gene-sized chromosomes in its macronucleus. This inherent wealth of chromosome ends has facilitated a rich biochemical analysis of telomeres.
By directly sequencing the ends of macronuclear DNA, it was discovered that all Oxytricha macronuclear chromosome ends have the same DNA structure, with precisely twenty base pairs of a C 4 A 4 double-strand repeat and a sixteen base 3′ single-stranded tail consisting of two G 4 T 4 repeats ( Figure 1 ) [13] . There is good evidence that similar G-rich 3′ single-stranded tails exist at the ends of most eukaryotic chromosomes, including those of the yeast Saccharomyces cerevisiae as well as mammals [14] . A striking difference between the telomeric DNA from Oxytricha and most other eukaryotes is that the telomeric tracts in other species are quite heterogeneous in length. This has led to the notion that telomeric DNA length in Oxytricha is tightly regulated, perhaps because there are so many ends.
The length heterogeneity of the telomeric tracts in the other organisms has made it difficult to ascertain the precise structure of telomeric DNA in these species, but here the more uniform Oxytricha single-stranded tail has provided further insights. The G 4 T 4 single-stranded tail has interesting chemical properties; in vitro two or more tails can form a so-called 'G-quartet'. This structure consists of four DNA strands held together by non-Watson and Crick hydrogen bonding of guanosines in a square planar array [15] . G-quartets were shown to be a poor substrate for in vitro telomerase activity, suggesting that they might play a role in telomerase regulation and thus provide an aspect of capping [16] .
The protein components of telomeres, however, may play a more important role in capping. They come in two types: those that bind to the double-strand portion of the telomeric repeats, and those that bind to the single-stranded tail [17] . The wealth of telomeres in Oxytricha facilitated the identification and purification of TEBP, a heterodimer of a 56 kDa α subunit and a 41 kDa β subunit that binds to the ends of all the Oxytricha macronuclear chromosomes, specifically to the G 4 T 4 single-stranded tail [18] . This telomeric complex has been an excellent candidate for being the chromosome cap; in vitro it prevents the chromosomal DNA from being degraded by exonucleases, and it prevents telomerase from extending the G 4 T 4 tail [19] .
Structural basis for telomere repeat binding
As with all DNA-binding proteins, the critical structural question surrounding TEBP is the mechanism of molecular recognition between the protein and the telomere repeat sequence. Over the past 20 years, enormous strides have been made in our understanding of sequencespecific recognition between nucleic acid targets and protein factors [20] . In the case of double-stranded DNA, recognition is mediated primarily through structural and chemical complementarity between a matrix of hydrogen bond donors and acceptors in the DNA major and minor grooves, and polar side-chains on the DNA-binding surface of the proteins [21] . A multitude of examples show that side chains can be donated from almost any type of protein secondary structure -helix, sheet, loop or turnand used effectively to mediate sequence-specific recognition and binding.
Recent studies have defined a second class of proteins that primarily recognize tertiary structural motifs formed by the DNA target. The 'ideal' structural features of canonical B-form DNA are disrupted at many positions across the genome. These include departures from proper base-pairing and sugar puckering, and the normal rise, buckle and twist of base pairs. Many of these apparent aberrations are actually important to the cell, and this second class of proteins has evolved to recognize and localize their action to these structurally distinct features of the DNA. For example, the HMG domain recognizes irregular bent DNA, particularly four-way junctions [22] . Integration host factor (IHF) primarily binds poly-A tracts by recognition of minor groove dimensions, and DNA repair enzymes recognize lesions, mismatches and modifications in DNA structure [23, 24] .
In contrast, the recognition of single-stranded DNA has been less thoroughly characterized by structural studies.
As demonstrated by the structure of TEBP complexed with a single-stranded telomeric sequence (Figure 2a,b) , such proteins can use many types of molecular contact, appropriate both for sequence recognition and for tertiary structural recognition [4] . In addition, the structural flexibility of the single-stranded phosphate backboneafforded by the lack of base pairing in the DNA targetallows extensive burial of individual bases into corresponding binding pockets on the protein surface. This provides a protein with one additional and perhaps critical method of sequence discrimination: van der Waals packing around the entire surface of the nucleotide base, resulting in accurate selection on the basis of shape complementarity. As revealed by the TEBP-DNA structure [4] , a mixture of virtually every type of molecular recognition strategy known is apparently used in binding to the repeating sequence of the Oxytricha telomere DNA.
Examination of the twelve base telomeric DNA sequence bound to TEBP revealed a distinctly non-linear conformation for the nucleic acid. Virtually all of the bases are sequestered in deep binding pockets, while the phosphate backbone is more exposed [4] . Four of these phosphate groups make electrostatic contacts with the protein. of the twelve nucleotide bases are directly stacked against other bases from the DNA strand, one is also stacked against a neighboring ribose, and the other seven are surrounded solely by protein side chains and backbone atoms. Half of the bases are stacked against tyrosine or phenylalanine side chains. At least two of the DNA bases make delocalized, polar interactions between their π-electron clouds and basic side chains, while several others display similarly polar interactions between ring edges and acidic residues. These types of packing interaction are commonly observed in protein structures between aromatic side chains and surrounding protein atoms [25] . At least seven of the twelve bases make direct, sequencespecific hydrogen bond contacts to protein side chains within their respective binding pockets.
Turning to the protein itself, the structure shows that the folds of each TEBP subunit comprise 'oligosaccharidebinding' (OB) domains, characteristic structural units of single-stranded DNA-binding proteins. The structure of another member of this group, replication protein A (RPA), has also been solved recently, again in a complex with its DNA target (Figure 2c ) [26] . This protein also binds single-stranded DNA, but with far less sequence specificity than TEBP. The DNA target is found in a binding cleft that, as in the TEBP-DNA complex, extends between subunits, but the nucleic acid conformation in the RPA-DNA complex might be described as tame when compared to the TEBP-DNA complex: the DNA in the former complex follows a quite regular, straight path between the two subunits, along a well-formed β groove formed by the β sheets of the OB domains.
Three bases of the RPA-bound RNA, a synthetic C8 polymer, are associated with the protein domain, while two bridge the interface. A far higher percentage of the phosphate groups are engaged in protein contacts than in the TEBP-DNA complex. Although the same percentage of bases are engaged in stacking interactions with aromatic protein side chains, it appears that the number of additional 'sequence-specific' contacts to the individual bases is lower, and that the nucleotides are less thoroughly buried than in the TEBP-DNA complex. A comparison of these protein-DNA complexes (Figure 2 ) appears to demonstrate that the overall recognition specificity displayed by OB folds and by single-stranded DNA binding proteins can be attenuated in a manner similar to other DNA-binding proteins.
Ending remarks
In addition to revealing a "rich variety of interactions", the TEBP-DNA crystal structure provides an initial detailed look at how chromosomes are capped [4] . The unique 3′ single-stranded tail found at the end of these eukaryotic chromosomes is deeply sequestered away from all the cellular machines that seek to act upon DNA ends, and it is prevented from forming a G-quartet structure. This is a simple, elegant way to cap a chromosome. No access is given to end-joining or homologous recombination machinery, but access by telomerase is also denied. [4] . Panels (b) and (c) allow comparison of TEBP and RPA, as the rightside OB domains of the two proteins are in similar orientations and each inter-domain cleft is in the middle of the view. The opposing OB domain (on the left) in the two structures is thereby seen to be oriented differently in TEBP and RPA. The single-stranded DNA is bound to RPA in a strikingly different manner from that bound to TEBP: it runs across the cleft -with two bases bridging the protein domains -from left to right, and engages the nucleotide bases in fewer buried and sequence-specific protein contacts.
Herein lies the next challenge in the field: how is the telomere protected from all the other activities, while access is granted to telomerase?
Telomere protection will clearly be a dynamic process, and a hint to the complexity of this regulation can be gleaned from work on S. cerevisiae. In this haploid yeast, there are more gene products that modulate telomere DNA length than there are chromosomes [27] . These include at least two single-stranded telomeric DNA binding proteins (dissimilar to either Oxytricha TEBP subunit) [28] , the protein that binds the double-stranded region of the telomeric DNA, DNA replication proteins [29] , recombination proteins and telomerase [5] . We thus need to understand how capping is regulated in order to ensure that this highly desired substrate is exposed to the preferred activity, and only long enough to take care of business. It will also be interesting to see whether this structure and its mode of regulation is preserved among eukaryotes, or whether the co-evolution of telomeric protein and DNA sequence has produced multiple paths to the same end.
